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Focusing on high 
performance and power
The US defence industry is an avid consumer
of advanced electronics. A key capability is
access to the electromagnetic spectrum for
communications and imaging. These applica-
tions often require circuits operating at high
frequency and power. BAE Systems Electronics
& Integrated Solutions (E&IS) is one business
based in the US that supplies into this market.
Although BAE Systems’ monolithic
microwave integrated circuit (MMIC) facil-
ity at Nashua, New Hampshire, is
described as a “foundry”, much of its work
is directed towards internal projects.The
vast majority of the designs produced on
the foundry process are developed inter-
nally.“Microwave”applications range from
low frequencies of 100 MHz to hundreds
of gigahertz, although the term is more
accurately applied to the range 1–300
GHz with wavelengths from 30 cm down
to 1 mm. Some applications want to press
beyond this into the terahertz domain.
“The strategy is to maintain a foundry for
internal use that is open to outside cus-
tomers on a selective basis to increase
utilization,” comments P.C. Chao,
Technical Director and Manager of
Process Engineering. Designs are not on
the level of complexity of CMOS logic.
BAE Systems focuses more on perform-
ance issues such as minimizing channel
temperatures, maximizing efficiency and
reducing noise.
Phil Smith, Director of Microwave
Devices & Circuits, adds:“BAE Systems
seeks to maintain the number one
foundry for leading-edge III-V semicon-
ductor manufacturing.”
The facility’s origins date from the con-
solidation by Lockheed Martin of three
operations in New Hampshire in 1996. In
2000, Lockheed Martin sold its Aerospace
Electronics Systems (AES) business to
BAE Systems, a UK company. However,
despite the change in ownership, the
Nashua foundry is still directed first and
foremost to the needs of the US defence
industry.The focus is on advanced tech-
nology and performance – the supply of
“affordable” defence products to the
wider community is only a secondary
goal.This is a somewhat different busi-
ness model as compared to other indus-
try sectors such as consumer electronics.
Market application
BAE estimates the annual US defence chip
market at $100–125 million.The company
takes its place alongside Raytheon,
Northrop Grumman Space Technology
(NGST) and TriQuint Semiconductor as a
leader of US defence chip research, devel-
opment and supply.TriQuint is a non-cap-
tive source of III-V chips to the US
defence industry. Like BAE, Raytheon and
TriQuint produce MMICs on gallium
arsenide substrates. NGST uses both GaAs
and indium phosphide.
The technologies produced at Nashua are
aimed at RF “front-end”applications, i.e.
next to the antenna. Features sought
include sensitivity, power, power-added
efficiency (PAE), low noise figure and high
dynamic range (Tables 1 and 2).These
properties are subject to trade-offs which
must be balanced differently for specific
applications. For transmission, one general-
ly wants high power amplification.
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Table 1. BAE Systems GaAs and GaN processes for power devices. The gate-drain breakdown voltage (BVGD) is 
determined at a gate current density (IG) of 1 mA/mm. GaN processes on both SiC and GaN substrates are on offer.
Technology Process (µm) Frequency range (GHz) MMIC thickness (µm) Typical BVGD (V) Comments
PHEMT 0.15 1-30 50/100 15
0.10 10-100 50 11-12 Space qualified
MHEMT 0.10 10-150 50 7 Very high PAE
GaN HEMT 0.1/0.15 1-40 100 >60 (SiC) High power density
>100 (GaN)
Table 2. BAE Systems GaAs processes for low-noise. The minimum noise figure (Fmin) is determined at 26 GHz.
Technology Process (µm) Frequency range (GHz) MMIC thickness (µm) Fmin (dB) Comments
PHEMT 0.15 1-80 100 0.9
MHEMT 0.10 1-200 100 0.5 Space qualified
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Reception of sometimes very weak signals
(often below the enemy’s reception thresh-
old) requires low noise amplification.
One major activity of Nashua has been to
supply monolithic microwave integrated
circuits (MMICs) for the F22 project for
which production is expected to wind
down in the next few years.This contin-
ues to be the largest consumer for the
company’s chips.Among the capabilities
being developed for a number of defence
projects is an Electronics Warfare (EW)
suite aimed at jamming enemy communi-
cations and radar (while, presumably,
maintaining the link to allied forces).A
high power wideband signal is needed to
block out a range of communication fre-
quencies. Electronic support of intelli-
gence gathering through eavesdropping
on enemy communications is another
key capability.This requires low-noise
amplification.
Since defence systems can take decades
to research, develop, qualify and commis-
sion, diminishing manufacturing sources
(DMS) is a particular issue for microelec-
tronics since the leading edge at the
beginning of a project quickly becomes
uneconomic for many manufacturers
when the system enters production. For
example, metal semiconductor field
effect transistors (MESFET) are currently
being replaced by pseudomorphic high
electron mobility transistors (PHEMT) as
the device of choice in the 100 MHz–100
GHz range (Figure 1 and Table 3). But
time is marching on, and metamorphic
HEMTs (MHEMTs) offer even better per-
formance up to 100 GHz while gallium
nitride HEMTs promise high power
amplification at up to 10× the density of
other technologies in the range from 100
MHz up to tens of gigahertz.
In a pseudomorphic device, one layer is
lattice mismatched and elastically strained
creating higher mobility channels. In a
metamorphic device, the substrate is mis-
matched from the device layers and a
buffer layer that shifts the lattice constant
by as much as 5% needs to be used.While
GaAs PHEMTs have good voltage handling
capabilities, their frequency performance
is limited compared with InP HEMTs.
GaAs MHEMTs meet the frequency chal-
lenge by using higher indium content in
the channel, which is constructed from
the same InGaAs system as in InP HEMTs
(Table 3).While BAE is using 6 inch GaAs
substrates (Figure 2), typical InP substrates
are 4 inches in diameter. In terms of pro-
cessing, InP substrates are even more frag-
ile than GaAs. MHEMTs therefore offer the
performance of InP HEMTs with easier
processing. Low noise amplification is
among the leading applications for InP
HEMTs and GaAs MHEMTs.
High power density
For high power amplification, heat dissipa-
tion is an important issue.Therefore, high
power GaN devices are usually built on
silicon carbide, a material that has a high
thermal conductivity. BAE is working both
with SiC and free-standing GaN substrates.
While SiC has the higher thermal conduc-
tivity, a GaN substrate could lead to more
reliable devices since the lattice mismatch
between the active and substrate layers
for homoepitaxy is zero, resulting in fewer
defects. Such GaN on GaN substrates have
been found in blue laser development to
lead to higher reliabilities.The lattice mis-
match between GaN and SiC is of the
order of 4%, while the thermal conductivi-
ties of the two materials are around 2 and
4 W/cm.K, respectively.
The GaN/SiC work is being carried out
under the auspices of the RF/Microwave/
Millimeter-wave Technology section of the
Wide Bandgap Semiconductor Technology
Initiative program managed by DARPA’s 
Dr Mark J. Rosker.A 3-inch (75 mm) SiC
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Figure 1. Schematic HEMT structure.
Table 3. BAE Systems HEMT development history and layer details.
PHEMT InP HEMT MHEMT GaN HEMT
Year work began at BAE 1986 1988 1994 2000
Chip production cost Low (6-inch) High Lowest (future) Moderate (future)
Cap layer GaAs InGaAs InGaAs GaN
Gate layer AlGaAs InAlAs InAlAs AlGaN
Channel InxGa1–xAs InxGa1–xAs InxGa1–xAs GaN
x = 15–30% x = 50–80% x = 30–100%
Buffer GaAs InAlAs AlGaAsSb GaN
Substrate GaAs InP GaAs SiC
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substrate is the main focus of the work.The annu-
al budgets for 2006 and 2007 are $20 million
each, ending phase II (2005–2007). Phase III
(2008–2009) is expected to extend this for an
extra two years. Phase I took place in the years
2003–2004.The DARPA program has three tracks:
X-band radar, led by Raytheon; Q-band high
power, led by NGST; and, wideband power 
amplification, led by TriQuint. BAE is taking part
in the wideband sector with electronic warfare
applications in mind.
The key issues for GaN qualification are achiev-
ing stable, reliable devices.At the commercial
level, GaN has already started to be built in to
some wireless basestation installations for mobile
phone communications.These devices have used
a field plate to meet the needs of this relatively
low frequency (~2 GHz) application. Such an
approach is not as suitable for the 2–20 GHz and
higher frequencies aimed at in the DARPA and
other defence programs. Progress is being and
needs to be made in terms of material quality,
device design and process integration.
BAE has also carried out separate GaN device
research on 2 inch (50 mm) GaN substrates [Chu
et al., Proc. 2004 IEEE Lester Eastman Conf., NY,
pp. 114–120].The resulting AlGaN/GaN HEMT
devices have run at a drain bias of 50 V at a contin-
uous wave (CW) power density of 10 W/mm at 10
GHz with associated power added efficiency (PAE)
of 45%.The peak efficiency at 10 GHz was 58%
running at 5.5 W/mm (drain bias 25 V).The 25 V
condition was tested for stability and it was found
that at 3 dB gain compression the degradation in
output power over 1000 hours was only 0.35 dB.
Process developments
Nashua’s GaAs processing of wafers up to 6 inch-
es (150 mm) in diameter offers more than two
times the area of the standard 4 inch (100 mm)
substrate.Another big improvement has been
automation resulting in higher device yields. BAE
has also shrunk its gate length for the 6-inch
PHEMT process from 0.15 µm to 0.1 µm in 2005
(Figure 3).A similar move from 3-inch to 6-inch
for its 0.1 µm MHEMTs is planned in 2007. Gate
length reduction allows devices to access higher
frequency and/or lower noise performance.The
critical gate level is defined through direct write
electron beam lithography while all other levels
are patterned with an ultraviolet i-line stepper.
The semiconductor epitaxial layers are built up
using molecular beam epitaxy (MBE).
Since III-V materials are inherently radiation hard
(rad hard), it is much easier to gain space qualifi-
cation of components compared with silicon-
based devices. BAE’s PHEMTs and MHEMTs are
already space qualified. GaN devices are still
under development and hence are not space
qualified at this time.
Terahertz opportunities
The frequency range beyond 200 GHz and up to
terahertz frequencies has up to now been too
high for electronics and too low for photonics.
Until recently, the only major explorations that had
been made of this frequency range were in radio
astronomy. However, as new electronic capabilities
become available, a new range of applications are
coming into view.The 200–800 GHz range can be
used to image through clothing, attracting devel-
opers of security systems aimed at catching con-
cealed weapons.These frequencies penetrate most
non-metallic materials, except water.Another imag-
ing application could be for all-weather aircraft
landing. Some short range demonstration systems
have been produced for medical applications and
for security gates at airports.
A second application for these frequencies is
chemical spectral analysis. Japanese researchers
have developed a mail screening system for
detecting explosives, drugs and other such mali-
cious materials.
The US defence industry is interested in extend-
ing these short range capabilities to greater dis-
tances, allowing so-called “standoff” operation.
Such would be required in all-weather landing,
for example. Further defence interest has been
raised by the prevalence of improvised explosive
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Figure 2. Completed 6-inch
0.1 µm PHEMT wafer (2 mil
thick).
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devices (IEDs) used to attack many current 
US operations.
Indeed, there are two DARPA programs at imag-
ing extensions into this domain – TIFT and
SWIFT, both managed by Rosker.
The TIFT (Terahertz Imaging Focal-plane
Technology) program plans to demonstrate large,
multi-element detector receiver focal plane
arrays that respond to radiation in the THz band
– defined here as frequencies of more than 0.557
THz (557 GHz) or wavelengths shorter than
0.538 mm. (Other definitions of “terahertz” go as
low as 100 GHz!) The project describes its aims:
“The sensor system will be able to operate effec-
tively at standoff range with a high spatial resolu-
tion limited only by beam diffraction.The system
developed will be consistent with man-portabili-
ty.The imaging receiver will produce a two-
dimensional (2D) image in which each pixel
records the relative intensity of the THz radiation
received on the focal plane within the appropri-
ate section of the field of view of the scene
being sensed.The program will achieve intensity
sensitivities as close as possible to the thermal
background limit at room temperature and at
video-rate.The size, weight, and electrical power
requirements will be consistent with portability.”
TIFT’s Phase I has as one objective the demon-
stration of a compact THz source achieving at
least 10 mW of average power and 1% wallplug
efficiency, as required for active illumination
and/or for local oscillators in heterodyne or
homodyne detection schemes.A second objective
will be demonstration of a THz receiver capable
of achieving a noise equivalent power of less
than 1 pW/Hz1/2 as measured with an integration
acquisition time of no more than 30 ms and a
pre-detection bandwidth of no more than 50
GHz.The aim is to achieve a system-level noise
equivalent temperature change of 1 K or less.
The Sub-Millimeter Wave Imaging Focal-Plane
Technology (SWIFT) program hopes to use sub-
millimetre (sub-MMW) spectral region for sensors
and communications systems. For example, sub-
MMW sensors could achieve high resolution, all-
weather imaging with favourable aperture sizes.
“The Sub-millimeter Wave Imaging Focal-plane
Technology (SWIFT) program will demonstrate
an active sub-aperture operating at 340 GHz,
enabling systems for imaging at sub-millimetre
frequencies in a number of all-weather environ-
ments and platforms. One specific objective will
be the development of a compact, coherent
source at 340 GHz capable of producing at least
50 mW from a single monolithic microwave inte-
grated circuit (MMIC) and 1 W when power
combined across the aperture; the power added
efficiency of this MMIC should be at least 5% by
the end of the program.A second objective is the
development of very sensitive LNA MMICs which
can achieve a noise figure of at least 8 dB at 340
GHz.A third objective will be to achieve an inte-
grated imaging system demonstration consisting
of a 1×128 pixel active array.The imaging system
will produce a two-dimensional (2D) image in
which each pixel records the relative intensity of
the sub-MMW radiation received on the focal
plane within the appropriate section of the field
of view of the scene being sensed.”
The program also wants to investigate phenome-
nology associated with sub-MMW imaging
through the atmosphere in order to understand
the impact of features such as glint and turbu-
lence on system performance.
Packaging
On the packaging side, BAE develops its own
advanced techniques for specific applications,
alongside use of outside vendors. BAE Systems is
the primary contractor of a DARPA program for
achieving better and more cost-effective packaging.
The 3-D Micro Electromagnetic Radio Frequency
Systems (3-D MERFS) project, under the manage-
ment of DARPA’s John Evans, was launched in mid-
2004 to revolutionize the performance, cost, and
form factor for advanced RF and MMW radar and
communications systems. One aim is to develop an
analogue to the printed circuit board for RF and
millimetre wave applications. Instead of using pla-
nar micro-strip waveguide structures, 3-D MERFS is
developing 3-dimensional “recta-coax”(rectangular
coaxial) structures for interconnection.
Mike Cooke is a freelance technology journalist
who has been reporting on the semiconductor
industry since 1997.
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Figure 3. Electron micrograph
of 0.1 µm low resistance 
T-gate.
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